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SUMMARY

All viruses with positive-sense RNA genomes replicate on membranous structures in the
cytoplasm, called replication complexes (RCs). RCs provide an advantageous microenvironment
for viral replication, but it is unknown how the host immune system counteracts these structures.
Here we show that interferon-gamma (IFNG) disrupts the RC of murine norovirus (MNV) via
evolutionarily conserved autophagy proteins and the induction of IFN-inducible GTPases, which
are known to destroy the membrane of vacuoles containing bacteria, protists, or fungi. The MNV
RC was marked by the microtubule-associated-protein-1-light-chain-3 (LC3) conjugation system
of autophagy and then targeted by immunity-related GTPases (IRGs) and guanylate binding
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proteins (GBPSs) upon their induction by IFNG. Further, the LC3 conjugation system and the IFN-
inducible GTPases were necessary to inhibit MNV replication in mice and human cells. These
data suggest that viral RCs can be marked and antagonized by a universal immune defense
mechanism targeting diverse pathogens replicating in cytosolic membrane structures.
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INTRODUCTION

Positive-sense RNA (+RNA) viruses encompass about one-third of all known viruses,
including many clinically relevant viruses (Boon et al., 2010). A hallmark of all known
+RNA viruses is to rearrange host endomembranes to form vacuole-like structures in the
cytoplasm for their replication, termed the replication complex (RC) (Boon et al., 2010). The
RC provides +RNA viruses a base to exploit the cell and a shelter from the host immune
system (Neufeldt et al., 2016; Shulla and Randall, 2016). However, it has been unclear how
the host immune system counteracts viral RCs.

Recently, we found that the replication of murine norovirus (MNV) is inhibited by type II
interferon (IFN), IFN-gamma (IFNG), at the stage of RC formation (Hwang et al., 2012) in
contrast to type | IFNs that primarily inhibit the translation of MNV proteins (Changotra et
al., 2009). Intriguingly, this antiviral activity of IFNG against the MNV RC depends on a
protein complex involved in autophagy (Hwang et al., 2012). Autophagy is an evolutionarily
conserved cellular pathway that delivers cytoplasmic material to lysosomes for degradation
(Levine et al., 2011). Among the multiple types of autophagy, macroautophagy (henceforth,
autophagy) is the major process that sequesters and transports cytosolic material inside
double-membraned autophagosomes (Noda and Inagaki, 2015). For efficient formation of
autophagosomes and selective capture of cargo, ubiquitin-like microtubule-associated-
protein-1-light-chain-3 (LC3) and its homologs must be conjugated to the membrane-
embedded lipid phosphatidylethanolamine (PE). Similar to the conjugation of ubiquitin to a
target amino acid residue, an E1-like activating enzyme, ATG7, and an E2-like conjugating
enzyme, ATG3, function together with an E3-like ligase, the ATG12-ATG5-ATG16L1
complex to conjugate LC3 to PE (Noda and Inagaki, 2015). We found that IFNG requires
this E3-like ATG12-ATG5-ATG16L1 ligase complex but not lysosomal degradation through
autophagy to inhibit MNV RC formation and viral replication (Hwang et al., 2012).
However, it remains unknown how IFNG utilizes this E3-like ligase complex to inhibit the
MNV RC.

Intriguingly, Afg5is also required for IFNG to inhibit the replication of a protist parasite
Toxoplasma gondii (Zhao et al., 2008). 7. gondii invades and replicates within a
parasitophorus vacuole (PV); when cells are primed with IFNG, the PV membrane (PVM) is
disrupted by IFN-inducible GTPases, immunity-related GTPases (IRGs) and guanylate
binding proteins (GBPs) (Pilla-Moffett et al., 2016). IRGs and GBPs are dynamin-like
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GTPases that are targeted to the membrane of cytoplasmic vacuoles containing bacteria,
protists, or fungi (da Fonseca Ferreira-da-Silva et al., 2014; Pilla-Moffett et al., 2016). The
targeted membranes are vesiculated, which leads to eventual rupture of the vacuoles and
ultimately the death of exposed pathogens (Hunter and Sibley, 2012). Unexpectedly, Atg5
was required for targeting the IRGs and GBPs to the PVM of 7. gondii (Selleck et al., 2013;
Zhao et al., 2008). We further found that only the LC3 conjugation system of autophagy but
not lysosomal degradation is required to target these immune effectors to the PVM of 7.
gondii (Choi et al., 2014). Consequently, control of 7. gondii infections by IFNG /n vitroand
in vivo depends on the LC3 conjugation system (Choi et al., 2014; Haldar et al., 2014;
Ohshima et al., 2014). Furthermore, we found that the LC3 conjugation system is necessary
and sufficient to target the IFN-inducible GTPases to membranes; upon relocation of the
LC3 conjugation system to the plasma membrane or the mitochondria outer membrane,
IRGs and GBPs were redirected to these endomembranes (Park et al., 2016).

Based on this similar genetic requirement for IFNG to function against the membranous
structures of MNV and 7. gondii, we speculated that the same effector mechanism of the
IFN-inducible GTPases might be used by IFNG to inhibit the MNV RC. Here we show that
the MNV RC was indeed marked with LC3 and targeted by the IFN-inducible GTPases
upon their induction by IFNG. Consequently, the LC3 conjugation system and the IFN-
inducible GTPases were required for IFNG to inhibit MNV replication in both mice and
humans. These data suggest that IFNG inhibits the replication of +RNA viruses via LC3
dependent targeting of IFN-inducible GTPases to the RC. Moreover, it implies that IFNG
utilizes the same effector mechanism to inhibit various pathogens replicating in cytosolic
membranous shelters, including +RNA viruses as well as bacteria, protists, and fungi.

The LC3 Conjugation System of Autophagy Is Required for IFNG to Inhibit MNV

Replication

Pharmacological modulation of canonical autophagy or lysosomal degradation has no
substantial effect on the IFNG-mediated inhibition of MNV replication (Hwang et al., 2012).
To genetically define the role of the canonical autophagy pathway in this antiviral activity of
IFNG, we examined Ulk (uncoordinated 51-like kinase) and AfgZ4. ULK1 and ULK2 are
serine/threonine-protein kinases of the autophagy initiation complex that induces autophagy
upon various signals (Chan et al., 2007). ATG14 is an essential component of the
phosphatidylinositol 3-kinase (P13K) complex that nucleates the formation of isolation
membrane (Diao et al., 2015). In primary bone marrow derived macrophages (BMDMs)
from UlkZ™!=, Ulk2=, or littermate control mice, there was no significant difference in viral
replication or inhibition by IFNG (Figure 1A). To rule out the possibility of phenotype
masking due to the redundancy of UlkZ and Ulk2, we also tested mouse embryonic
fibroblasts (MEFs) from UlkZ™/~UlkZ'~ mice (McAlpine et al., 2013). To overcome the
barrier of entry, the limiting step in infection (Orchard et al., 2016), transfection of MNV
viral RNA (VRNA) is frequently used to analyze MNV replication in non-infectable cell
types (Hwang et al., 2014). Upon transfection of MNV VRNA into UlkZ™/~UlkZ™!~ and
control MEFs, infectious MNV were produced and inhibited by IFNG comparably in both
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cell lines (Figures 1B and 1C). Similarly, MNV replication in control (Afg1410x/flox) and
Atgl4-deficient (Atg1410¥/f0x+ [ yspicre) BMDMSs was comparable and similarly inhibited
by IFNG (Figures 1D and 1E). These data affirmed our previous findings that the antiviral
activity of IFNG requires a specific function of the ATG12-ATG5-ATG16L1 complex rather
than the canonical autophagy pathway (Hwang et al., 2012).

Thus far, the only known function of the ATG12-ATG5-ATG16L1 complex is its E3-like
ligase function to conjugate LC3 homologs to PE (Noda and Inagaki, 2015). LC3
conjugation also requires the proteolytic processing of LC3 by ATG4; we had previously
ruled out a role of ATG4B, the major isoform of ATG4, in the IFNG-mediated control of
MNV replication (Hwang et al., 2012). This suggested an LC3-conjugation independent
function of the ATG12-ATG5-ATG16L1 complex, but the existence of other ATG4 isoforms
undermined such a conclusion. In order to definitively examine the necessity of LC3
conjugation, we investigated the role of E2-like ATG3 in the IFNG-mediated inhibition of
MNV replication. MNV replication was considerably less inhibited by IFNG in the Afg3
deficient (Arg31ox/flox+ 1 yspfcre) BMDMSs compared to the control (AzgS1oX/Tlox) (Figure
1F). Since LC3 was still substantially conjugated to PE due to suboptimal deletion of A3
(Figure 1G), we further examined Afg3-deficient MEFs (Atg3/~) (Choi et al., 2014). We
confirmed functional knock-out of ATG3 and consequent obstruction of autophagy in
Atg3~ MEF, as manifested by lack of conversion of cytosolic LC3-1 to membrane-bound
LC3-11 and accumulation of autophagy adaptor/cargo p62 (Figure 1H). MNV replication
was not significantly controlled by IFNG in these Afg3/~ MEFs (Figure 11), but lentiviral
expression of ATG3 back into the Afg37~ MEFs restored the control of MNV replication by
IFNG (Figures 1H and 11). Collectively, these data show that the IFNG-mediated inhibition
of MNV replication requires the E2-like ATG3 as well as the E1-like ATG7 and the E3-like
ATG12-ATG5-ATG16L1 complex (Hwang et al., 2012).

The requirement of the entire LC3 conjugation system for IFNG to inhibit MNV replication
further suggested that the LC3 homologs might be involved in such control. Although we
previously did not observe any significant role of LC3B (Hwang et al., 2012), the existence
of multiple LC3 homologs (i.e. LC3A, LC3B, gamma-aminobutyric acid type A receptor-
associated protein (GABARAP), GABARAP-like 1 (GABARAPL1), and GABARAPL?2 in
the murine system) suggests a potential functional compensation among the homologs. In
fact, we recently found that LC3 homologs fulfill redundant functions in the IFNG-mediated
control of 7. gondii, only with the knock-out/down of all LC3 homologs is the IFNG-
mediated control of 7. gondiilost (Park et al., 2016). Thus, to test the role of all LC3
homologs, we used the clustered regularly interspaced short palindromic repeat (CRISPR)/
Cas9 system to knockout all remaining LC3 homologs, except one allele of Gabarap, in
Lc3b™~ MEFs (Hwang et al., 2012) (Figures S1A and S1B). In the resultant MEFs and
intermediate MEFs with wild type Lc3a, MNV replication was significantly less inhibited by
IFNG, proportional to the knock-out of the LC3 homologs (Figure 1J). Collectively, these
data demonstrated that LC3 homologs as well as the LC3 conjugation system were
necessary for IFNG to inhibit MNV replication.
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IFN-Inducible GTPases Are Targeted to the MNV RC via the LC3 Conjugation System

The parallel requirements of the LC3 conjugation system and the LC3 homologs in control
of both MNV and 7. gondiiled us to speculate that the IFN-inducible GTPases might also be
targeted by the LC3 conjugation system to the RC of MNV as they are targeted to the PVM
of 7. gondii (Park et al., 2016). In fact, LC3 localized on the MNV RC without IFNG
activation (Figure S2A) in an Afg5-dependent manner (Figure S2B) and the localization of
LC3 to the MNV RC requires the conjugation capability of LC3 (Figure S2C), just as it
localizes on the PVM of 7. gondii (Choi et al., 2016; Park et al., 2016). Thus, we further
examined the potential targeting of IFN-inducible GTPases, IRGs and GBPs to the MNV
RC. Because we cannot detect MNV RCs in cells pre-activated with IFNG (Hwang et al.,
2012), we delayed IFNG treatment to allow MNV to form detectable RCs before being
counteracted by IFNG. At 10-12 hours of MNV infection and simultaneous IFNG
treatment, we detected formation of MNV RCs as well as expression of IFN-inducible
GTPases (Figures 2 and S2D). Under these experimental conditions, both LC3 and IRGA6
(a representative effector of the IRG protein family) localized to a portion of the RCs
(Figures 2A and 2B); we reasoned that such colocalization might be limited and transient
due to inhibition of the RC by the recruited IFN-inducible GTPases. In a similar
experimental condition, we also confirmed the localization of LC3 and IRGAG to the RC of
another +RNA virus, encephalomyocarditis virus (EMCV) (Figures S2E and S2F).

Although IFNG treatment and/or MNV infection did not substantially affect the total
conjugation level of LC3 (Figure S3A), the localization of LC3 onto the MNV RC was
enhanced upon IFNG activation (Figure S3B), reminiscent of the events that happened on
the PVM of T. gondii (Park et al., 2016). Importantly, both LC3 and IRGA®6 localization to
the MNV RC were dependent on the functional LC3 conjugation system, as their
localizations were substantially reduced upon Afg5 deletion (Figures 2A and 2B). In
contrast, the deletion of Afg14, which does not disturb LC3 conjugation (Choi et al., 2014),
did not affect their localizations to the MNV RC (Figures 2C and 2D). These data
demonstrated that both LC3 and the IFN-inducible GTPases were indeed recruited to the
MNV RC, dependent on the functional LC3 conjugation system but independent of the
canonical autophagy pathway.

Compared to the cooperative targeting and overlapping function of effector IRGs on target
membranes, individual GBPs can stimulate distinct defense mechanisms (Pilla-Moffett et al.,
2016). To identify specific GBPs associated with the MNV RC, we expressed individual
epitope-tagged GBPs (GBP1, -2, -3, -5, and -7; deleted in GHF""3~/~ mouse as described
below) in both WT and GhF""3~/~ BMDM s via lentiviral transduction. Only GBP1 and
GBP2 significantly localized to the MNV RC upon IFNG activation in WT BMDMs
(Figures 2E and 2F), but GBP2 was the only one that localized to the MNV RC in the
absence of the other GBPs (Figures S3C and S3D). Interestingly, even GBP2 did not localize
to the RC in the absence of IFNG activation (Figure S3E), suggesting that correct targeting
requires an IFN-inducible co-factor(s) (e.g. a functional IRG system as described below).
Like the effector IRGs, the localization of GBP2 to the MNV RC was dependent on Afg5
but not on Atg14 (Figures S4A-E). The IFN-inducible GTPases are known to be targeted
only to vacuoles containing bacteria, protists, or fungi (da Fonseca Ferreira-da-Silva et al.,
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2014; Pilla-Moffett et al., 2016). The data shown here establishes the membranous RCs of
+RNA viruses, MNV and EMCYV, as a destination of these IFN-inducible GTPases.

LC3 and IFN-Inducible GTPases Localize on the Membrane of the MNV RC

To examine the recruitment of IRGs and GBPs to the MNV RC at an ultrastructural level,
we performed electron microscopy (EM) of the MNV RC. To ensure a high infection rate for
efficient EM analysis, we utilized the BV-2 cell line (Hwang et al., 2014). We first confirmed
that a representative IRG (i.e. IRGA6) and GBPs (using a pan-GBP antibody detecting
GBP1, -2, -3, -4, -5) localized to the MNV RC upon the simultaneous MNV infection and
IFNG treatment in BV-2 cells (Figure S4F). Under the same experimental condition, EM
analysis revealed abundant vesicular structures around the nucleus only in MNV-infected
cells (Figure 3A). We further found anti-ProPol (detecting both protease and polymerase of
MNV) staining in these vesiculated areas (Figure 3B). Most anti-ProPol staining was
associated with membranes and was significantly detectable only in infected cells (Figure
3B), suggesting that the vesicular structures are the MNV RC. Anti-LC3 staining was also
detected around these anti-ProPol-positive structures in both untreated and IFNG-treated
conditions (Figure 3B). Although simultaneous activation of the cells with IFNG did not
significantly affect these structures, we detected both anti-IRGAG6 and anti-GBP1-5 stainings
on the vesicle membranes around anti-ProPol-positive structures in IFNG-treated cells
(Figures 3C and 3D). While we could not definitively conclude the 3D topology of the
proteins through these images, the majority of LC3, IRGA6, and GBP1-5 localized on the
inner side of these vacuole-like structures together with ProPol, which is topologically the
cytoplasmic side of the RC. These data suggest that LC3 and the IFN-inducible GTPases are
recruited onto the cytoplasmic face of the MNV RC membrane and may exert their antiviral
effect directly onto the membrane structure of the MNV RC.

IFNG Requires the IFN-Inducible GTPases to Inhibit MNV Replication in vitro and in vivo

To investigate the role of the IFN-inducible GTPases in the IFNG-mediated control of MNV,
we obtained /rgm1~~Irgm3~~ mice (missing regulatory IRGs, /rgm1 and Irgm3, a non-
functional IRG system) (Henry et al., 2009) and Gbp chromosome 3 deletion (GHFM3/-,
with the deletion of Gbpl1, -2, -3, -5, -7; a non-functional GBP system) mice (Yamamoto et
al., 2012) (Figures S5A and S5B). MNV RC formation is inhibited in WT BMDMs pre-
activated with IFNG, but not in Atg5-deficient BMDMs (Hwang et al., 2012) (Figure 4A).
Similarly, MNV RC formation was not inhibited by IFNG in BMDMs lacking either a
functional IRG or GBP system (Figures 4A and S5C). These data suggest that both IRGs
and GBPs are required for IFNG to inhibit the MNV RC. We further investigated the control
of MNV replication by IFNG in BMDMs from /rgm1**Irgm3*’* (WT), Irgm1*~Irgm3*/~
(HET), and /rgm1~~Irgm3~~ (KO) mice. In /rgm1 and /rgm3WT and HET BMDMs, MNV
replication was completely inhibited upon pre-activation of the cells with IFNG (Figure 4B).
In KO BMDMs, however, MNV replication was not substantially controlled by IFNG. To
confirm the specificity of the phenotype, we restored individual and dual expression of
IRGM1 and IRGM3 in the KO BMDMs via lentiviral transduction and could restore the
IFNG-mediated control of MNV replication in /rgm1~~/rgm3~~ BMDM:s expressing
IRGM3 at a functional level (Figures 4C and 4D). We further confirmed that MNV
replication is controlled normally by IFNG in /rgm1™~BMDMs (Figure S5D). In BMDMs
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with GhF™3 deletion, MNV replication was substantially less inhibited by IFNG pre-
treatment, compared to BMDMs with G WT and HET (Figure 4E). When we restored
the expression of GBP1 and GBP2 in G4*"3~/~ BMDMs, only GBP2 was able to restore
the IFNG-mediated control of MNV replication back to the level of WT BMDMSs (Figures
4F and 4G). We further confirmed that MNV replication was substantially less inhibited by
IFNG in Ghp2”~ BMDM s (Figure S6D). Although GBP2 did not localize onto the MNV
RC in /rgm1™~Irgm3~~ BMDMs, IRGAS localized onto the MNV RC in GhFhr3-/~
BMDMs (Figures S6A-C). These data corroborate a sequential recruitment model of the
IFN-inducible GTPases onto their target membranes, i.e., IRGs prior to GBPs (Haldar et al.,
2015), and further suggest a two-stage inhibitory mechanism of the GTPases against the
MNV RC: the IRGs alone and in collaboration with the GBP system. Taken together, these
data suggest that the IFN-inducible GTPases not only localize on the MNV RC but also play
an antiviral role against MNV replication in vitro.

We previously showed that MNV infection in mice can be controlled by either type | or type
I1 IFN signaling (Hwang et al., 2012). Although the IFN-inducible GTPases can be induced
by both types of IFNs (Degrandi et al., 2007; Sorace et al., 1995), IRGs and GBPs are
required for IFNG but not for type | IFNs to inhibit MNV replication /in vitro (Figure S6E).
In order to definitively show the crucial role of the LC3 conjugation system (i.e. Afg5) in
type Il IFNG mediated control of MNV infection /n vivo, the absence of type | IFN
signaling is required (Hwang et al., 2012). Therefore, after breeding the /rgm1~”~Irgm3~/~
and GHrF3~/~ mice to type | IFN receptor deficient mice (/fnar'~), we examined the
survival of MNV infected mice and MNV replication in various organs as previously
reported (Hwang et al., 2012). The control mice were significantly susceptible to MNV
infection, implying a key role of type | IFN signaling in controlling the /7 vivo infection of
MNV (Figures 5A and 5C). Nevertheless, consistent with the /n vitro BMDM data, the KO
mice of IFN-inducible GTPases (/fnar’~Irgm1~~Irgm3~~ and Ifnar’'~GhF3=/-) were
more susceptible to MNV infection than their littermate control mice (Figures 5A and 5C);
there was also substantially more viral replication in infected organs from KO mice than in
organs from control mice (Figures 5B and 5D). Collectively, these data corroborate the
importance of both type I IFN and type Il IFN signaling in controlling MNV infection /in
vivo (Hwang et al., 2012) and further demonstrate that both IRG and GBP systems play
crucial roles in the IFNG-mediated control of MNV replication in vivo as well as in vitro.

The LC3 Conjugation System and IFN-Inducible GTPases Are Required for IFNG to Inhibit
MNV Replication in the Human System

The LC3 conjugation system and GBPs are well conserved in both mice and humans. In
contrast, the IRG protein family is smaller in humans, with only two proteins, IRGM and
IRGC, identified (Bekpen et al., 2009). Previous work has shown that the LC3 conjugation
system and the GBPs counteract pathogens in humans, although the functional mechanisms
vary considerably (Al-Zeer et al., 2013; Johnston et al., 2016; Ohshima et al., 2014; Selleck
et al., 2015). To examine the role of the LC3 conjugation system in controlling norovirus
replication in human cells, we obtained HelLa cells with Atg7or Afg16/1 knocked-out by the
CRISPR/Cas9 system (Selleck et al., 2015). Consistent with our results in mouse
macrophages, both LC3 and GBPs localized on the RC of MNV that resulted from the
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expression of MNV non-structural proteins (Hwang et al., 2012) (Figure 6A); the HeLa cell
clones without functional Azg7or Atg16/1 (Figure 6B) had substantially decreased
localizations of LC3 and GBPs on the RCs (Figure 6C). In contrast, we did not detect any
sign of IRGM localization on the MNV RC (Figure S6F). Using the vVRNA transfection
system, we further confirmed that the LC3 conjugation system was required for IFNG to
inhibit MNV replication in HeLa cells (Figure 6D). Comparably, in human HAP1 cells with
Atg16/17"~ or Gbhpt~7~I~ (complete human GBP knock-out) (Ohshima et al., 2014), MNV
replication was substantially less inhibited by IFNG than in the control cells (Figures 6E and
6F). Taken together, these data demonstrated that both the LC3 conjugation system and GBP
system were required for IFNG to inhibit MNV replication in both humans and mice.

DISCUSSION

Viral RCs provide a shelter for +RNA viruses to efficiently replicate, yet if and how the host
immune defense system counteracts these structures have been poorly understood. We
previously discovered an antiviral activity of IFNG functioning against the RC of MNV,
which requires a nondegradative function of the E3-like ligase ATG12-ATG5-ATG16L1
complex (Hwang et al., 2012). However, its functional mechanism and pertinent effector
proteins were unknown (Maloney et al., 2012). Using the 7. gondii model, we found that the
E3-like ligase complex can determine the target membrane of the IRGs and GBPs (Choi et
al., 2016; Park et al., 2016). Based on these similar genetic requirements, here we identify
the IFN-inducible GTPases, IRGs and GBPs, as the immune effectors functioning against
the RC of MNV. Our data demonstrate that the membranous replication compartment of
+RNA viruses can be controlled by the same immune mechanism used to target vacuoles
containing bacteria, protists, or fungi, suggesting a universal immune defense mechanism
against multiple intracellular pathogens that lurk in endomembrane structures.

LC3 localizes on the RCs of many +RNA viruses (Jackson et al., 2005; Panyasrivanit et al.,
2009; Prentice et al., 2004; Sir et al., 2012; Zhang et al., 2014). This can result from the
viruses hijacking the autophagy machinery or simply using LC3 for their own benefit
(Reggiori et al., 2010; Sharma et al., 2014). In fact, it was recently shown that MNV
infection induces autophagy, leading to the localization of LC3 on the RC and facilitation of
viral replication (O’Donnell et al., 2016). Regardless of LC3’s potential proviral roles, LC3
could simultaneously play an antiviral function by recruiting the IFN-inducible GTPases to
RCs as shown in this study. While IFNG requires Afg5to inhibit MNV replication, it can
also act in the absence of A#g51to inhibit the replication of other +RNA viruses, such as
EMCYV, murine hepatitis virus, and West Nile virus (Hwang et al., 2012). This suggests that
IFNG has an additional antiviral function independent of A#g5, and thus independent of the
LC3 conjugation system and the IFN-inducible GTPases, to inhibit the replication of these
viruses. Therefore, the crucial antiviral role of the IFN-inducible GTPases against the RC of
other +RNA viruses may only be revealed in the absence of this ‘ Afg5-independent’
antiviral activity of IFNG.

The crucial role of IRGs and GBPs in controlling intracellular pathogens, especially those
hiding within vacuole-like structures, are well documented (Pilla-Moffett et al., 2016). In
recent years, GBPs have also been recognized for their role in regulating canonical and
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noncanonical inflammasome activation (Pilla-Moffett et al., 2016). In contrast, an antiviral
function of the IRGs and GBPs has been poorly understood. For instance, the resistance of
mice to Ebola virus, herpes simplex virus, and murine cytomegalovirus (Collazo et al., 2001,
Taylor et al., 2000) was unaffected despite knockout of a regulatory IRG, while human
IRGM has even been suggested to play a proviral role for hepatitis C virus, measles virus,
and human immune deficiency virus type 1 (HIV-1) (GrEgoire et al., 2011). Human GBPs
have been reported to play antiviral roles against dengue virus, EMCV, vesicular stomatitis
virus, and influenza virus, but the underlying mechanisms are unknown (Anderson et al.,
1999; Nordmann et al., 2012; Pan et al., 2012). Overall, there has been no clear functional
mechanism determined for any anti- or proviral activities of IRGs and GBPs, with the
exception of the recent report of GBP5 targeting the HIV-1 envelope glycoprotein
independent of its GTPase activity (Krapp et al., 2016). Given this, the data shown here
presents the definitive antiviral mechanism of both IRGs and GBPs against viral RCs,
reflecting their general function against vacuolar pathogens.

IRGs and GBPs are known to oligomerize in a GTP-dependent manner on the membrane of
pathogen-containing vacuoles, leading to vesiculation and subsequent disruption of the
vacuole structures (Pilla-Moffett et al., 2016). The consequent exposure of the resident
pathogens to the host cytoplasm leads to inhibition of the pathogen replication, activation of
cytosolic pathogen sensors, and/or subsequent death of the pathogens and/or the host cells
(Pilla-Moffett et al., 2016). Similarly, IRGs and GBPs may disrupt the structural integrity of
the MNV RC and trigger additional antiviral responses by the host. However, translating the
previously proposed membranolytic mechanism of the GTPases to the MNV RC has a major
caveat: the size of the MNV RC. The MNV RC is roughly the same size as vesicles (ca. 50—
300 nm in diameter) created from the PVM of 7. gondiii (ca. 5 um in length) during the
process of IRG and GBP-mediated vacuole disruption (Wobus et al., 2004; Zhao et al.,
2008). Thus, the dimensions of the MNV RC may be too small to be vesiculated by the IFN-
inducible GTPases. If the IRGs and GBPs behave similarly on the membranes of the MNV
RC as they do on the PVVM of 7. gondii, they may deform the structure and subsequently
inhibit the function of the MNV RC, for example inhibiting viral genome replication and
transcription, rather than demolishing the structure. It is also possible that the GTPases may
even block the formation of the MNV RC as well as disrupt the formed RCs. How the IRGs
and GBPs exert their antiviral function against the MNV RC will be a subject of future
mechanistic investigation.

It has been proposed that IRG targeting of vacuolar pathogens is limited to a select but
disparate group, i.e., the protist 7. gondii, the bacterium Chlamydia trachomatis, and the
fungus Encephalitozoon cuniculi (da Fonseca Ferreira-da-Silva et al., 2014; Springer et al.,
2013; Tiwari et al., 2009). It is suggested that the cytosolic face of these plasma membrane-
derived vacuoles containing these target organisms may be distinct from host
endomembrane-bound intracellular compartments, because the organisms enter host cells via
non-endocytic/phagocytic mechanisms (da Fonseca Ferreira-da-Silva et al., 2014). Since
MNV enters cells through a host endocytic process (Perry and Wobus, 2010) and its RC is
known to be composed of membranes derived from the ER, Golgi, and endosome (Hyde et
al., 2009), our study does not support this hypothesis. Independent of the mechanism of
entry, the membrane structures may share common patterns allowing the IRG system to be
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activated and targeted. The control of MNV by IFNG is dependent on Afg5, because the
putative Afg5-independent antiviral activity of IFNG cannot control MNV (Hwang et al.,
2012). Likewise, the control of the disparate group of pathogens by IFNG might be
dependent on the IRG system also because this is the only effective immune mechanism
against these intracellular parasites. Further work is necessary to determine if there are any
common pathogen-associated molecular patterns among this group of pathogens controlled
by IRGs and how the IRG system is activated on these vacuole structures (Choi et al., 2016).

In summary, our study demonstrates that the LC3-conjugation system of autophagy has
evolved to target the RC of the +RNA virus which in turn recruits the IFN-inducible
GTPases for the inhibition of the RC. This provides a unifying working model in which the
same effector mechanism is used against diverse intracellular pathogens that replicate inside
cytosolic membrane structures. Importantly, this system is conserved in humans with a
smaller set of the IFN-inducible GTPases. Further studies will determine how the cell-
autonomous immune system utilizes the LC3 conjugation system to detect and destroy the
membranous shelters of pathogens.

STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Seungmin Hwang (shwang@?bsd.uchicago.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All mice used in this study were from a C57BL/6 background. In all experiments,
control and experimental mice were 6—8 week old littermates of both genders. Littermates of
the same sex were housed together regardless of genotype. The following mice, including
littermate controls, were used for bone marrow extraction: Afg31ox/floxs /—1 yspcre,
Atg5iloxifloxy /-1 yspicre, Atg1410XM10%s /-1 yshcre, Irgm17!~ Irgm37!=, and GopF3—/-,
AtgFoxifloxs /-1 yspcre mice were derived from Atg31oX/flox mice that were provided by
Dr. You-Wen He, Duke University, USA (Jia et al., 2011). Afg510x/floxy /—1 yspicre mice
were provided by Dr. Herbert W. Virgin, Washington University in St. Louis, USA (Hwang
etal., 2012). Atg1410X/foX+ /—1 yspcre mice were provided by Dr. Shizuo Akira, Osaka
University, Japan. /rgm1~'~ Irgm3~'~ mice were provided by Dr. Gregory Taylor, Duke
University, USA (Henry et al., 2009). Gh*"™3~/~ mice were provided by Dr. Masahiro
Yamamoto, Osaka University, Japan (Yamamoto et al., 2012). The following mice, including
littermate controls, were used for /n vivo MNV infection: /rgmI~'~Irgm3™~Ifnar’~ and
GHFt ™31~ Ifnar’=. To generate these mice, either /rgm1~'~Irgm3™'~ or GHrF"3~/~ mice were
crossed with /fnar’~ mice. /fnar'~ mice were provided by Dr. Herbert W. Virgin (Hwang et
al., 2012). All mice were housed and bred at the University of Chicago under specific-
pathogen-free conditions in a biosafety level 2 facility in accordance with federal and
university guidelines. All experimental procedures were approved by the Animal Care and
Use Committee of the University of Chicago. For in vivo MNV infection experiments, mice
were assigned randomly to experimental groups and were housed by matching genotype and
gender. The day after group assignment, the mice were transferred from the breeding facility
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to the infection facility; both are specific-pathogen-free and biosafety level 2 facilities. One
week after transfer, the mice were infected with MNV. Mice were excluded from an
experiment if they were noticeably sick or significantly smaller or weighed less than
littermates on the day of infection. All in vivo experiments were conducted at least three
times.

Primary Cells—The primary cells utilized in this study were murine bone marrow derived
macrophages (BMDMs). Bone marrows were isolated from the femurs and tibias of 6-8
week old mice of both genders listed above, and plated in non-tissue culture treated 10-cm
dishes in 10 mls of BMDM media. On day 4, 10 mls of fresh BMDM media was added. On
day 7, BMDMs were detached from the dish using ice-cold 0.02% EDTA in DPBS (Sigma-
Aldrich, E8008), and seeded in tissue culture treated plates or on coverslips for subsequent
experiments. Remaining D7 BMDMs were frozen in BMDM media containing 10 % DMSO
and used later to set up replicate experiments if necessary. BMDMs were rested for three
days after seeding, and used for experiments as described in METHOD DETAILS and figure
legends. BMDMs of the following mice were prepared in Washington University in St.
Louis, USA and brought to the University of Chicago: Ulk2™/~, Ulkz™!~ and Irgm17-.
Ulk1™!= and UlkZ'- BMDMs were derived from the mice provided by Dr. Sharon Tooze,
London Research Institute, U.K. (McAlpine et al., 2013). /rgm1~'~ BMDMs were derived
from the mice provided by Dr. Gregory Taylor, Duke University, USA (Henry et al., 2009).
The composition of BMDM media was Dulbeco’s Modified Eagle Medium (Mediatech, 10—
013), 10% fetal bovine serum (Biowest, US1520), 5% horse serum (Life Technology,
16050), 1x MEM nonessential amino acids (Mediatech, 25-025-Cl), 1 mM sodium pyruvate
(Mediatech, 25-000-ClI), 2 mM L-glutamine (Mediatech, 25-005-Cl) and macrophage
colony-stimulating factor (M-CSF). The source of the M-CSF was 10% CMG14-12
conditioned medium (Takeshita et al., 2000) for MNV infection, and 10% L929 conditioned
media (Stanley et al., 1977) for EMCV infection. All BMDMs were cultured at 37°C in 5%
COs.

Cell Lines—Male Ulk1™7~Ulkz™~ and female Atg3~~ murine embryonic fibroblasts
(MEFs) were provided by Dr. Sharon Tooze, London Research Institute, U.K. (McAlpine et
al., 2013) and Dr. Masaaki Komatsu, Tokyo Metropolitan Institute of Medical Science,
Japan (Sou et al., 2008), respectively. Female Lc367~ MEFs were used to generate the
CRISPR-KO cell lines of LC3 homologs and derived from £c367/~ mice that were obtained
from Dr. Marlene Rabinovitch, Stanford University, USA. (Cann et al., 2007). Female HelLa
WT, Atg7™~, and Atg16/17~ cells were previously described (Selleck et al., 2015) and
provided by Drs. Herbert W. Virgin and Ramnik Xavier. Male HAP1 WT, Atg16/17", and
Ghpt~7~ cells were previously described (Ohshima et al., 2014) and provided by Dr.
Masahiro Yamamoto. Female BV-2 cells were provided by Dr. Yuanan Lu, University of
Hawaii at Manoa, USA (Cox et al., 2009) and used to titer infectious virus. Male RAW264.7
cells were provided by Dr. Herbert W. Virgin and used to titer infectious virus. Female 293T
cells, obtained previously from Dr. Herbert W. Virgin, were used to produce lentivirus. All
cell lines were cultured at 37°C in 5% CO, in standard media: Dulbeco’s Modified Eagle
Medium (Mediatech, 10-013), 10% fetal bovine serum (Biowest, US1520), 1x MEM
nonessential amino acids (Mediatech, 25-025-CI), 10 mM HEPES (Mediatech, 25-060-Cl),
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and 100 U/ml each of penicillin and streptomycin (Mediatech, 30-002-ClI). All experiments
were conducted within no more than 5 passages upon thawing of cell stocks. Protein/gene
deletion for mutant cells were confirmed by western blot, PCR and/or gPCR as indicated in
METHOD DETAILS and figure legends.

Viruses—AIl MNV infections were conducted using the MNV-1.CW3 strain (Thackray et
al., 2007). All EMCYV infections were conducted using EMCYV strain K which was obtained
from Dr. Marco Colonna, Washington University in St. Louis, USA (Hwang et al., 2012).
MNV-1.CW3 viruses were prepared from a CDNA clone containing the genome of
MNV-1.CW3. 1x108 293T cells were seeded in 6-well plates and transfected with 4 ug of
the MNV-1.CW3 plasmid for 48 hours to produce virus. MNV and EMCV were further
amplified in BV-2 cells. Infected cells were incubated until the cells showed >90%
cytopathic effect, usually for 48 hours. Infected cells were then frozen and thawed, and the
cell lysates containing viral particles were centrifuged for 20 minutes at 3000 rpm to remove
the cell debris. Supernatants were further centrifuged for 3 hours at 26,250 rpm at 4°C to
produce a concentrated virus stock. The viral stocks were frozen in small aliquots, and the
titers of the stocks were determined by TCIDgq. All viral infections were conducted with a
viral stock aliquot having undergone only one cycle of freeze and thaw.

METHOD DETAILS

Viral Infection and Viral RNA Transfection—Viral infections were performed as
previously described (Hwang et al., 2012; Nice et al., 2012). 1x10° cells (BMDM, BV-2,
and HAP1) or 2x10% cells (MEF and HeL a) were seeded per well in 24-well plates. At 24
hours after seeding, cells were treated with mouse or human IFNG (Peprotech, 315-05 or
12410-1) or mouse IFN Beta (PBL Assay Science, 12410-1) for the time and at the doses
indicated in the figures. At the time of infection, the media of cell was replaced with
inoculum containing viruses at the MOI indicated in figure legends, and cells were infected
for 30 minutes at room temperature. After incubation, the viral inoculum was removed, and
cells were washed twice with PBS followed by addition of fresh media. In the case of
simultaneous IFNG treatment with MNV infection for immunofluorescence assays, IFNG
was added along with fresh media after infection. Transfection of MNV viral RNA (VRNA)
is frequently used to overcome the barrier of entry, the limiting step of MNV infection
(Orchard et al., 2016) when analyzing MNV replication in non-infectable cell types (MEFs,
HAP1, and HelLa cells) (Hwang et al., 2014). MNV vRNA was isolated from the
concentrated MNV stocks using TRI reagent (Sigma-Aldrich, T9424) according to the
manufacturer’s instruction. The amount of VRNA indicated in figure legends was transfected
to cells using Lipofectamine 2000 (Invitrogen, 11668) according to the manufacturer’s
instruction. The infected or transfected cells were harvested at the time indicated in figure
legends by fixation with 2% formaldehyde (Ted Pella, 18505) in PBS for 10 minutes at room
temperature (for flow cytometry and immunofluorescence assays), by freezing at negative 80
(for replication analysis by 50% Tissue Culture Infectious Dose [TCIDsgg] or Plague Assay
[PA]), or by lysis with protein sample buffer (for western blot).

MNV Replication Analysis in vivo—For /n vivo MNV infections, 6-8 week old
littermate mice of both genders were infected perorally with 1x10° PFU of MNV in 25 ul of

Cell Host Microbe. Author manuscript; available in PMC 2018 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biering et al.

Page 13

standard media. Mouse weight was recorded upon infection and monitored every 12 hours.
For survival experiments, mice were euthanized and recorded as dead, according to an
approved IACUC protocols for >30% weight loss or if they became significantly moribund.
For tissue viral burden analysis, infected mice were euthanized at 3 days post infection and
organs were harvested and analyzed as previously described (Hwang et al., 2012). Organs
were collected in standard media, subjected to a freeze-and-thaw cycle, and then
homogenized in a bead beater using 1.0 mm zirconia/silica beads (BioSpec Products,
11079110z). After debris was removed by centrifugation, MNV titers in the homogenates
were measured by TCIDsq. Survival experiments were conducted 3 times using total 10
males and 6 females of /rgm1*/~Irgm3*/~Ifnar~-, 13 males and 7 females of

IrgmI™= Irgm3~ Ifnar'~, 15 males and 11 females of Gbp*~/fnar”~, and 14 males and 12
females of Ghp™~/fnar”~ mice. The tissue viral burden experiments were conducted 3 times
using total 15 males and 5 females of /rgm1*/~Irgm3*/~Ifnar”-, 9 males and 5 females of
IrgmI~~Irgm3~~Ifnar”~, 9 males and 10 females of Gbp*~/fnar”~, and 9 males and 5
females of Ghp™~Ifnar”™ mice.

TCIDgg and Plaque Assay—To quantitate infectious MNV, the infected cells with media
were harvested by freezing at negative 80 and the infected cells were lysed through a freeze-
and-thaw cycle. For Plaque Assay, the lysates were 10-fold serially diluted in standard media
and added to RAW264.7 in 6-well plates. The cells were incubated for one hour with
constant rocking at room temperature, and then the inoculums were replaced with overlay
media containing 1% methylcellulose (Sigma-Aldrich, M0387). After incubation for four
days, the overlay media was discarded and the cells were stained with 1% crystal violet
(Fisher Chemical, C581) solution containing 20% ethanol for plaque counting. The limit of
detection was calculated as the least number of infectious unit that can be detected at the
lowest dilution (Hwang et al., 2012). For TCIDsq assay, the viral lysates were 10-fold
serially diluted in standard media and added to BV-2 cells seeded in 96-well plates. 8-wells
were infected for each dilution and further incubated for 5 days. TCIDsq was calculated by
determining the dilution factor needed to show cytopathic effect (CPE) in 4 out of 8 (50%)
wells. The limit of detection was calculated as the amount of virus that cause CPE in 4 out
of 8 wells at the lowest dilution.

Western Blot—Cells were left untreated, or treated with IFNG (Peprotech, 315-05) or
IFNB (PBL Assay Science, 12410-1), and/or treated with chloroquine (Sigma-Aldrich,
C6628, 50 uM) as indicated in the figures. Total cell lysates were harvested in the protein
sample buffer (0.1 M Tris [pH 6.8], 4% SDS, 4 mM EDTA, 286 mM 2-mercaptoethanol,

3.2 M glycerol, 0.05% bromophenol blue) and proteins were resolved by SDS-PAGE.
Proteins were then transferred onto PVDF membranes and probed with primary antibody
diluted in PBS/0.1% TWEEN 20 (PBST) containing 5% skim milk for overnight at 4°C and
secondary antibody diluted in PBST with 5% skim milk for 1 hour at room temperature, on a
side-to-side rocker. After each antibody incubation, the membranes were washed with PBST
for three times of ten-minute-cycle. Probed proteins were detected using ECL reagents on a
ChemiDoc system with Image Lab software (Bio-Rad). All antibodies were probed by the
method described above except for LC3a (Cell Signaling), which was probed in TBS/0.1%
TWEEN 20 with 5% BSA according to the manufacturer’s instruction. The following
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antibodies were used: MNV ProPol (Hwang et al., 2012); IRGB6 from Dr. Jonathan
Howard, University of Cologne (Martens et al., 2004); IRGM1 and IRGM3 from Dr.
Gregory Taylor, Duke University; ATG7, ATG16L1, LC3B, and p62 (Sigma-Aldrich); ATG3
(MBL International); GBP1-5, GBP2, and Actin-HRP (Santa Cruz Biotechnology); HA (the
Frank W. Fitch Monoclonal Antibody Facility, The University of Chicago); 2A (EMD
Millipore); LC3A (Cell Signaling Technology); GABARAP (Abcam); HRP Goat anti-mouse
and HRP Donkey anti-rabbit (BioLegend); and HRP Donkey anti-goat (Jackson
ImmunoResearch).

Immunofluorescence Analysis—For immunofluorescence analysis, cells were seeded
on coverslips in 24-well plates and then infected with MNV or transfected with a plasmid
expressing MNV open reading frame 1 (ORF1) (Hwang et al., 2012) with or without
treatment of IFNG as indicated in figure legends. Upon fixation with 2% formaldehyde (Ted
Pella, 18505), cells were permeabilized with 0.05% Saponin (Acros, 41923) in PBS, and
blocked and probed in PBS containing 0.05% Saponin and 5% normal donkey serum
(Jackson ImmunoResearch, 017-000-121). Fixation, permeabilization and 2 rounds of
blocking were conducted for 10 minutes each at room temperature, and staining with
primary and secondary antibodies was conducted for 1 hour each at room temperature.
Samples were washed 5 times with PBS/0.01% Saponin for 5 min after each antibody
incubation. Nuclei were stained with Hoechst 33342 (Invitrogen, H1399). Coverslips were
mounted on glass slides with ProLong Diamond Antifade Mountant (Invitrogen, P36961).
The images were acquired using the EVOS FL Cell Imaging System or Olympus FV1000
Laser Scanning Confocal Microscope (Integrated Light Microscopy Core Facility, The
University of Chicago). Images from each channel were merged using ImageJ/Fiji. Primary
antibodies detecting the following proteins were used: MNV ProPol (Hwang et al., 2012);
IRGAG6 from Dr. Jonathan Howard, University of Cologne (Martens et al., 2004); FLAG
(Sigma-Aldrich); LC3B (MBL International); GBP1-5 (Santa Cruz Biotechnology); HA
(The Frank W. Fitch Monoclonal Antibody Facility, The University of Chicago); double-
strand RNA (J2; SCICONS); and IRGM (Abcam). The following secondary antibodies were
used: Alexa Fluor 488 Donkey anti-Guinea Pig, Alexa Fluor 647 Donkey anti-Guinea Pig
and Alexa Fluor 488 Donkey anti-Rabbit (Jackson ImmunoResearch); DyLight 649-Donkey
anti-Rabbit, Alexa Fluor 555 Donkey anti-Rabbit, DyLight 649 Goat anti-Mouse, Alexa
Fluor 555 Goat anti-Mouse and DyL.ight 488 Goat anti-Mouse (BioLegend). To quantitate
the localization of proteins on the viral RC, a minimum of 3 independent experiments were
performed and at least 50 RC-positive cells were counted per each condition in each
experiment.

Flow Cytometry—For flow cytometric analysis of MNV replication, infected cells were
stained with anti-ProPol and analyzed with a BD LSRFortessa cell analyzer (Hwang et al.,
2012). After fixation with PBS/2% formaldehyde, cells were permeabilized with PBS/0.2%
TritionX-100. Cells were then blocked and probed in PBS/0.2% TritonX-100/1% normal
goat serum/1% normal mouse serum with rabbit anti-ProPol (Hwang et al., 2012) and
DyL.ight 649-Donkey anti-Rabbit (Biolegend) for one hour each at room temperature. After
each antibody incubation, cells were washed with PBS/0.2% TritionX-100. Uninfected and
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stained samples served as gating controls. Flow data were analyzed using FlowJo (FlowJo,
LLC).

Quantitative PCR (qPCR)—Cells were lysed with TRI reagent (Sigma-Aldrich, T9424)
and total RNA was extracted according to the manufacturer’s instruction. CDNA was reverse
transcribed from 1 ug of total RNA using IMPROM-II reverse transcriptase (Promega,
A3803) with random hexamer according to the manufacturer’s instruction. qPCR was
conducted using SYBR-green reagents on an Applied Biosystems StepOnePlus Real-Time
PCR system. The qPCR primers used in this study are shown in Table S1.

Knock-out of Lc3 Homologs—CRISPR/Cas9 technique was applied to knock-out L¢3
homologs according to the published protocol (Ran et al., 2013). px458 (#48138) and px459
(#481309) plasmids were obtained from Addgene and the guide RNA sequences as shown in
Table S2 were cloned into the plasmids to delete genomic DNA between the two double-
strand-breaks. Cells were transfected with the plasmids using Lipofectamine 2000. After 48
hours, transfected cells were enriched through one passage of puromycin (Sigma-Aldrich,
P9620) treatment (3 ug/ml). Enriched cells were diluted and seeded in 96-well plates, aiming
for 0.5 cell/well, and the monoclonal colonies of cells were picked at 7 days after the set-up
and further amplified. Genomic DNAs were extracted from the amplified cells and screened
for deletion by PCR. Positive colonies containing desired deletion were further verified
through sequencing and western blot analysis for the targeted protein. A monoclonal cell
line harboring a desired deletion of a targeted £c3homolog were then subjected to the next
round of knock out of another Lc3homolog until all Lc3homologs were deleted. The
primers used to screen the deletion of targeted DNA (Fig S1A) are shown in Table S2.

Lentiviral Transduction—pHAGE-N-Flag-HA (pHNHF) (Behrends et al., 2010)
lentiviral vectors were used to express genes of interest in BV-2 cells, Azg5flox/floxy/
~LysMcre BMDMs, Atg1410X/floxy /—1 yspfcre BMDMs, Irgm1/Irgm3 WT/KO BMDMs,
Atg3WT/KO MEFs and GHF'"3 WT/KO BMDMs. The pHNHF vector is a Gateway
destination vector that expresses proteins of interest with N-terminal FLAG-HA-tag and
allows for puromycin selection of transduced cells. Modified lentiviral vector, pPCDH-MCS-
T2A-copGFP-MSCYV (C274) (System Biosciences, Mountain View, CA; CD523A-1)
(Hwang et al., 2012), was used to produce lentivirus for transduction of /rgm1/Irgm3
WT/KO BMDMs. The T2A sequence in C274 is an 18 amino acid sequence which allows
simultaneous expression of the protein of interest and copGFP during translation through
self-cleavage. It also leaves 2A tag at the C-terminus of the expressed protein. All
lentiviruses were generated in 293T cells as previously described (Choi et al., 2014; Hwang
et al., 2012). The lentiviral vectors were transfected with the packaging vector (psPAX2) and
the pseudotyping vector (pMD2.G). At 12 hours-post-transfection, the media was replaced
with fresh media for target cells. Lentivirus released in media was collected at 24, 36, and 48
hours-post-transfection and filtered through 0.45 pm syringe filters (Millipore, MA). For
MEF and BV-2 transduction, the cells were incubated with lentivirus for 48 hours and then
selected with 3 ug/ml of puromycin (Sigma-Aldrich, P9620) for 3 passages. For BMDM
transduction, lentiviruses were added to bone marrows on the day 4 of differentiation. On
day 5, lentiviruses were replaced with fresh ones and the differentiating bone marrows were
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further incubated until the day 7. BMDMSs transduced with pHNHF lentiviruses were then
selected with 1 ug/ml of puromycin (Sigma-Aldrich, P9620) for three days. BMDMs
transduced with C274 lentiviruses were analyzed for transduction efficiency based on
copGFP expression. The transduced cells were seeded for the experiments described in
figure legends and the expression of transduced genes were validated by western blot
analysis.

Electron Microscopy—BV-2 cells were left uninfected or infected with MNV at MOI1=25
and simultaneously left untreated or treated with 100 U/ml IFNG. At 10 hpi, the cells were
fixed, processed, and examined as previously described (Selleck et al., 2015). For
ultrastructural analyses, cells were fixed in 2% paraformaldehyde (Polysciences, 00380)/
2.5% glutaraldehyde (Polysciences, 18426) in 100 mM sodium cacodylate buffer (Sigma-
Aldrich, C0250), pH 7.2 for 1 hr at room temperature. Samples were washed in sodium
cacodylate buffer and post-fixed in 1% osmium tetroxide (Polysciences, 0972A) for 1 hour.
Samples were then rinsed extensively in dH,0 prior to en bloc staining with 1% aqueous
uranyl acetate (Ted Pella, 19481) for 1 hour. Following several rinses in dH,0, samples were
dehydrated in a graded series 30%, 50%, 70%, 90%, 95% ethanol for 20 minutes each.
Samples were further dehydrated in three changes of 100% ethanol for 20 minutes each
followed by two changes in propylene oxide (Ted Pella, 18601) for 30 minutes each.
Samples were then infiltrated with 1:1 propylene oxide:Eponate 12 resin (Ted Pella, 18012)
for 30 minutes followed by 1:3 propylene oxide:Eponate 12 resin overnight at room
temperature. Samples were infiltrated with freshly made Eponate 12 resin for eight hours,
and then polymerized in the resin at 70°C overnight. Sections of 95 nm were cut with a
Leica Ultracut UCT ultramicrotome (Leica Microsystems), stained with 1% uranyl acetate
for 30 min and 3% lead citrate (Ted Pella, 19314) for 5 min, and viewed on a JEOL 1200
EX transmission electron microscope (JEOL USA) equipped with an AMT 8 megapixel
digital camera and AMT Image Capture Engine V602 software (Advanced Microscopy
Techniques). For immunolocalization, cells were fixed in 4% paraformaldehyde/0.05%
glutaraldehyde in 100 mM piperazine-N,N[prime]-bis(2-ethanesulfonic acid) (PIPES)
(Sigma-Aldrich, P6757)/0.5 mM MgCl, (Sigma-Aldrich, M8266), pH 7.2 for 1 hour at 4°C.
Samples were then embedded in 10% gelatin and infiltrated overnight with 2.3 M sucrose
(Sigma-Aldrich, S9378)/20% polyvinyl pyrrolidone (Sigma, PVP10) in PIPES/MgCI, at
4°C. Samples were trimmed, frozen in liquid nitrogen, and sectioned with a cryo-
ultramicrotome. Sections of 50 nm were blocked with 5% FBS and 5% normal goat serum
for 30 min and subsequently incubated with the indicated primary antibodies for 1 hour,
followed by secondary antibodies: donkey anti-guinea pig conjugated to 12 nm colloidal
gold (Jackson ImmunoResearch, 706-205-148), donkey anti-mouse conjugated to 18 nm
colloidal gold (Jackson ImmunoResearch, 715-215-150) and goat anti-rabbit conjugated to
18 nm colloidal gold (Jackson ImmunoResearch, 111-215-144) for 1 hour. Sections were
washed in PIPES buffer followed by a water rinse, and stained with 0.3% urany! acetate/2%
methyl cellulose (Sigma, M6385) and analyzed by transmission electron microscopy. All
labeling experiments were conducted in parallel with controls omitting the primary antibody.
These controls were consistently negative at the concentration of colloidal gold conjugated
secondary antibodies used in these studies. Primary antibodies detecting the following
proteins were used: MNV ProPol (Hwang et al., 2012), IRGAG6 from Dr. Jonathan Howard,
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University of Cologne (Martens et al., 2004), GBP1-5 (Santa Cruz Biotechology), and LC3B
(MBL International).

QUANTITATION AND STATISTICAL ANALYSIS

All data were analyzed with Prism software (GraphPad) using one-way analysis of variation
(One-way ANOVA) with multiple comparisons (for multiple samples), Student’s t-test (for
two samples), or Log-rank (Mantel-Cox) test (for in vivo survival) as indicated in figure
legends. No specific method was used to determine whether the data met assumptions of the
statistical approach. Unless otherwise stated, all experiments were performed at least three
times and the data were combined for presentation as mean £ SEM. All differences not
specifically indicated as significant were not significant (n.s., p>0.05). Significant value was
indicated as; *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001. Statistical parameters,
including the statistical tests used, value of N (also what N represents, if necessary),
definition of center, and dispersion and precision measures, are reported in the Figures and
Figure Legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IFNG Inhibits MNV Replication via the L C3-Conjugation System of Autophagy
(A) Growth analysis of MNV in UlkZ™/~, Ulkz"= and WT BMDM:s. Cells were untreated or

treated with 100 U/ml IFNG for 12 hours and then infected with MNV at the multiplicity of
infection (MOI) of 0.05. At 24 hour-post-infection (hpi), cells were harvested to titer
infectious virus. N=5 replicates using 2 U/kI*'* mice, 4 UlkI™~ mice, 1 Ulk2*"* mouse, and
3 UlkZ~ mouse. (B) Growth analysis of MNV in UlkZ™'~UlkZ™!~ and WT MEFs. Cells
were treated with none (Unt.) or the indicated dose of IFNG for 24 hours and then
transfected with 50 ng of MNV vVRNA. At 24 hour-post-transfection (hpt), cells were
harvested to titer infectious virus. N=>5 replicates. (C) Quantitative PCR analysis for the
transcript levels of UlkZ and Ulk2in UlkI™~Ulkz™'~ and WT MEFs. N=3 replicates. (D)
Growth analysis of MNV in Atg1410x/flox+ 1 yspfcre and littermate control Argz410x/flox
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BMDMs as described in (A). N=3 replicates using 2 mice from each genotype. (E) A
representative western blot of cells described in (D) on the level of p62 and the lipidation of
LC3. Actin as loading control. N=3 replicates. (F) Growth analysis of MNV in
Atg3loxifloxy 1 yspgere and Atg1oxflox BMDMs as described in (A). N=3 replicates using 2
mice from each genotype. (G) A representative western blot of cells described in (F), as
described in (E). N=3 replicates. (H) A representative western blot of Ag3”/~ and WT
MEFs transduced with lentiviruses expressing Afg3WT or red fluorescent protein (RFP), as
described in (E). N=3 replicates. (I) Growth analysis of MNV in the cells described in (H),
as described in (B). N=3 replicates. (J) Growth analysis of MNV in the cells with deletions
of Lc3homologs as indicated on the bottom, as described in (B). N=3 replicates. For all
experiments with quantitative analysis, data are shown as mean £ SEM. One-way ANOVA
with Tukey’s multiple comparisons test; n.d., not detected. n.s., not significant; *, p<0.05;
** p<0.01; *** p<0.001; **** p<0.0001. Dashed line indicates the limit of detection. See
also Figure S1.
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Figure 2. IFN-Inducible GTPases Are Targeted to the MNV RC viathe L C3-Conjugation System
(A and B) Immunofluorescence assay for the localization of LC3 and IRGA6 with regard to

the MNV RC (via anti-ProPol detecting both protease and polymerase of MNV) at 10 hpi in
Atgsfloxifloxy 1 ysppcre and Atg5iox/flox BMDMSs upon MNV infection at MOI=5 and
simultaneous 100 U/ml IFNG treatment. Representative images (A) and quantitation (B).
Data as mean+SEM. N=3 replicates using 2 mice from each genotype. Student’s t-test. *,
p<0.05; **, p<0.01. Scale bars, 5 pym. (C and D) The same assays as described for (A) and
(B) in Atg141ox/floxy  yspicre and Atg1410%/flox BMDMs. Data as mean+SEM. N=3
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replicates using 2 mice from each genotype. Student’s t-test. n.s., not significant. (E and F)
The same assays as described for (A) and (B) in WT BMDMs transduced with lentiviruses
expressing the indicated GBPs. Individual FLAG/HA-tagged GBP was detected by anti-
FLAG (E) or anti-HA (F, bottom panel) antibodies. White arrows in (E) indicate
colocalization. n.d., not detected. A representative western blot in F for the expression of
individual GBPs. N=3 replicates using 2 mice. See also Figures S2, S3, and S4.
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MNYV O Infected Uninfected

MNV + IFNG

(@)

IRGAB (white)
ProPol (black)

GBP1-5 (white)
ProPol (black)

Figure 3. LC3 and I FN-Inducible GTPases L ocalize on the Membrane of the MNV RC
(A) Transmission electron microscopy of BV-2 cells: uninfected (BV-2), activated with 100

U/ml IFNG for 12 hours (IFNG), at 12 hpi of MNV infection at the MOI of 25 (MNV), and
at 12 hpi of MNV infection after 12 hour activation with IFNG (MNV + IFNG). Scale bars,
2 um. Dotted rectangles show the area of vacuole structures. N=2 replicates. (B) Cryo-
immuno-EM localization of LC3 and ProPol in (MNV) and (MNV + IFNG) condition as
described in (A). Scale bars, 500 nm (left) and 100 nm (center). (C and D) The same
analysis as described in (B) for IRGA6 and ProPol (C) and GBP1-5 and ProPol (D). Scale
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bars, 100 nm. White arrows indicate LC3 (B), IRGAG6 (C), and GBP1-5 (D). Black arrows
indicate ProPol. N=2 replicates. See also Figure S4.
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Figure 4. IFNG Requiresthe | FN-Inducible GTPasesto Inhibit MNV Replication in vitro
(A) Quantitation of MNV RCs in BMDMs from Atg51ox/flox+ 1 ysprcre, Irgmi1~~Irgm3™"",

GbprF"3-1= and respective littermate control mice. Cells were either untreated or treated with
100 U/ml IFNG for 12 hours before infection with MNV at MOI=5 and harvested and
analyzed at 12 hpi with anti-ProPol immunofluorescence. Data as mean+SEM. N=3
replicates using 2 mice for each genotype. Student’s t-test. n.s., not significant; p<0.001;
*+x% (B) Growth analysis of MNV in /rgm1~'~ Irgm3~'~ or control BMDM:s. Cells were
untreated or treated with 100 U/ml IFNG for 24 hours and then infected with MNV at
MOI=0.05. At 24 hpi, cells were harvested to titer infectious virus. N=3 replicates using 2
mice for each genotype. (C) Growth analysis of MNV in /rgmI~~/rgm3~~and control
BMDMs transduced with lentiviruses expressing green fluorescent protein (GFP) (Ctrl.) or
IRGMS3. Cells were untreated or treated with 100 U/ml IFNG for 12 hours and then infected
with MNV at MOI=5. At 12 hpi, cells were harvested to analyze viral replication with anti-
ProPol flow cytometry. N=3 replicates using 2 mice for each genotype. (D) Representative
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western blot data of cells described in (C) for the expression of IRGM1, IRGM3, and
transduced IRGM3 (detected with anti-T2A antibody against remaining T2A at the C-term
of IRGM3 expressed from lentivirus). * indicates non-specific signal. Actin as loading
control. N=3 replicates. (E) Growth analysis of MNV in Gb*"3~/~ or control BMDMs as
described in (B). N=5 replicates using 2 mice for each genotype. (F) Growth analysis of
MNV in GbrF™3~/= or control BMDMss transduced with lentiviruses expressing GFP (Ctrl.),
GBP1 or GBP2 as described in (B). N=3 replicates using 2 mice for each genotype. (G) A
representative western blot of cells described in (F) for the expression of IFN-induced
endogenous GBP2 (as a representative) and transduced genes (HA-tagged). Actin as loading
control. N=3 replicates. For (B), (C), (E), and (F), data as mean+SEM. One-way ANOVA
with Tukey’s multiple comparisons test; n.d., not detected. n.s., not significant; *, p<0.05;
** p<0.01; *** p<0.001; **** p<0.0001. Dashed line indicates the limit of detection. See
also Figures S5 and S6.
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Figure 5. IFN-Inducible GTPases Are Required to Control MNV in vivo
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(A) Survival of /fnar’=Irgm1*'= Irgm3*'~ (HET) and /fnar’~ Igm1~'~ Irgm3'~ (KO) mice
after peroral infection with 1x10° plaque forming unit (PFU) of MNV. Numbers in

parentheses indicate the number of mice used. (B) Tissue viral burden in the indicated

organs of mice at 3 days-post-infection as described in (A). (C and D) The same analysis as
described in (A) and (B) with /fnar!~GbpF"3*/= (HET) and /fnar’~ GhFh"3=/~ (KO) mice.
(A) and (C) were analyzed using a Log-rank (Mantel-Cox) test and (B) and (D) were
analyzed using a Student’s t-test. p-values are indicated in the figure. See also Figure S6.

Cell Host Microbe. Author manuscript; available in PMC 2018 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Biering et al. Page 31

A Merge RC

ATG16L1 >
LC3-l = — T e —
LC3-1l > | w—
LC3

B owr O agr'#1 B Ag7-#2 B awtern-#1 W Agren1 - #2

GBP1-5

Actin > | . S . .

C celswithLc3 Cells with GBP1-5 D ¥ el
on MNV RC (%) on MNV RC (%)
40 £
2
30 =]
e
20
b 3
10 g
g
0 =
= Unt. 10 U/ml 100 U/ml
E Fmwr B agier- B oGP
IFNG - + - + - + ok ok
GBP1-5 >
ATG16L1 >

LC3-1 > | s s S s s
LC3-11 = [o—— -— —

Viral Titer (Log TCID50/ml)

Actin > | ——— — — —

Unt. 10 U/ml 100 U/ml

Figure 6. The LC3 Conjugation System and I FN-Inducible GTPases Are Required for IFNG to
Inhibit MNV Replication in the Human System

(A) Immunofluorescence assay for the localization of LC3 (Blue) and GBP1-5 (Red) with
regard to the MNV RC (Green) in HelLa cells transfected with a plasmid expressing MNV
ORF1 for 6 hours followed by treatment with 100 U/ml IFNG for an additional 18 hours.
Representative images shown here. White arrowheads indicate representative colocalization.
Scale bar, 10 pm. N=3 replicates. (B) Representative western blot of HeLa cells; WT, two
clones of Atg7~, and two clones of Afg16/17/~. N=3 replicates. (C) Quantitation of
immunofluorescence assay for the localization of LC3 (left) and GBP1-5 (right) with regard
to the MNV RC as described in (A) for the cells described in (B). Data as mean+SEM. N=3
replicates. One-way ANOVA with Dunnett’s multiple comparisons test; n.s., not significant;
*, p<0.05; **, p<0.01; *** p<0.001. (D) Growth analysis of MNV in the cells described in
(B). The cells were treated with none (Unt.) or the indicated dose of IFNG for 24 hours and
then transfected with 50 ng MNV viral RNA. At 24 hpt, cells were harvested to titer
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infectious virus. N=3 replicates. (E) Representative western blot of HAP1 cells; WT,
Atgl6/17~, and Gbpt~"~. Cells were treated with none or 100 U/ml IFNG for 24 hours.
N=3 replicates. (F) Growth analysis of MNV as described in (D) for the cells described in
(E). N=3 replicates. Data as mean+SEM. (D) and (F) were analyzed using a One-way
ANOVA with Tukey’s multiple comparisons test; n.s., not significant; *, p<0.05; **, p<0.01;
*** p<0.001; **** p<0.0001. Dashed line indicates the limit of detection. See also Figure
S6.
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